e [IDAR REMOTE SENSING PROF. XINZHAO CHU CU-BOULDER, FALL 2012

A 3 nat A =

Lecture 13. Temperature Lidar (2)
Resonance Fluorescence Doppler Tech

J Resonance Fluorescence Na Doppler Lidar

» Na Structure and Spectroscopy

» Scanning versus Ratio Techniques

[ Principle of Doppler ratio technique

» Three-frequency ratio fechnique

» Comparison of calibration curves

J Other resonance fluorescence Doppler lidars

» K Doppler Lidar

> Fe Doppler Lidar

J Summary 1



LIDAR REMOTE SENSING PROF. XINZHAO CHU CU-BOULDER, FALL 2012

Na Doppler Wind and Temperature Lidar

J Na Doppler lidar is one of the most successful lidars.
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Na Atomic Energy Levels
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Doppler' Effect in Na D, Line
Resonance Fluorescence

12 I I | I I | I | T 1 o
& &
E 9E 8+
E o
X S
5 s or
i3 B
: ;
% 3
) o) i
5 s 4
5 S
= =
o o
) g 2r
< <
| | | | 1 | | 1 O A 1 1 1 1 1 1 1 1
—2000 ~1000 0 1000 2000 —-2000 —-1000 0 1000 2000
a Frequency offset (MHz) b Frequency offset (MHz)

Na D, absorption linewidth Na D, absorption peak freq
is temperature dependent Is wind dependent




LIDAR REMOTE SENSING PROF. XINZHAO CHU CU-BOULDER, FALL 2012

Na Atomic Parameters

Table 5.1 Parameters of the Na D; and D, Transition Lines

Central Transition Radiative Oscillator
Transition Wavelength Probability Lifetime Strength
Line (nm) (108s™ 1) (nsec) fic
D; (°Py 2—?S12)  589.7558 0.614 16.29 0.320
Dy (®P3 9—2S10)  589.1583 0.616 16.23 0.641
Group 2S1/0 2Ps/s Offset (GHz) Relative Line
Strength®
Doy, F=1 F=2 1.0911 5/32
F=1 1.0566 5/32
F=0 1.0408 2/32
Do, F=2 F=3 —0.6216 14/32
F=2 —0.6806 5/32
F=1 —0.7150 1/32

Doppler-Free Saturation—Absorption Features of the Na Dy Line

fa (MHz) f. (MHz) fi, (MHz) f. (MHz) f (MHz)
—651.4 187.8 1067.8 —21.4 —1281.4

#Relative line strengths are in the absence of a magnetic field or the spatial average.
When Hanle effect is considered in the atmosphere, the relative line strengths will be
modified depending on the geomagnetic field and the laser polarization.
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DoPP|er' -Limited Na Spectroscopy

J Doppler-broadened Na absorption cross-section is
approximated as a Gaussian with rms width o,

] 6 —v(l - 2
O.abs (V) _ € f E A eXp [ n V( 2VR /C)]
V2o degm,c 207

)(13.1)

J Assume the laser lineshape is a Gaussian with rms width o,
] The effective cross-section is the convolution of the atomic

absorption cross-section and the laser lineshape
1 e” & (v, —v( =V /)]
Oy (V) = / Y A, exp vy =W 5 () (13.2)
\/27506 480m€C n=1 \ 206

kT
where (13.3) Oe=\/0%+0% and 00:\/1\;\% (13.4)

The frequency discriminator/analyzer is in the atmosphere! ¢
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Doppler' Scanning Technique

[ PL(MAL A 2 2
NNa(}"Z)_( he )(Oeﬁ(}\)nNa(Z)AZ)(LI-nZZ)(no\v)Ta (MT, (K,Z)G(Z))
(13.9)
P, (M)At A
N,(Azp) = hel A )(O (T, A)n, (ZR)AZ) ZR ( ()\«)T (A, ZR)G(ZR))(13.6)
C(z) Ny,(hz 2 U Bom LIDAR (GoN 16B)  sAPREa
Oeff (A.2) = 2( ) pg A2) o PRI
Tc (}\'9Z) NR(}\”ZR) |
(13.7) = °
where C(z)= GR(n’MnR(ZR)MZ; :
Ny,(2) <R g 41
(13.8)

Least-square fitting gives temp 0
[Fricke and von Zahn, JATP, 1985] :>

Relative wavelength (pm)
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Scanning Na Lidar Results

U. Bonn LIDAR (69°N 16°E) 3. April 1984
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2 Fr'equency Doppler Ratio Technique

NNa(fc)/NNa(fa)
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Ry (2) =
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(13.10)

Nyo(fozt)  2°
Np(f,2)T.2(f 2) 22

(13.11)

Geﬁ‘(f)nNa(Z) 1
Og (7, f)ng(zgp) 4m

(13.12)

Nnorm(f’zat) =

10



LIDAR REMOTE SENSING PROF. XINZHAO CHU CU-BOULDER, FALL 2012

‘ { L—«:ﬁ;,‘ 5 Sl E{ -
o A

3-Frequency Doppler Ratio Technique
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“ Ideas Behind Ratio Technique

1 Three unknown parameters (temperature, radial wind,
and Na number density) require 3 lidar equations at 3
frequencies as minimum = highest resolution.

d In the ratio technique, Na number density is cancelled
out. So we have two ratios R; and R,, that are independent
of Na density but both dependent on T and W.

J The idea is to derive temperature and radial wind from
these two ratios first, and then derive Na number density
using computed temperature and wind at each altitude bin.

 However, because the Na extinction coefficient is

involved, the upper bins are related to lower bins, and
extinction coefficient is related to Na density and effective
cross-section. The solution is to start from the bottom of

the Na layer and then work bin by bin to the layer top. .
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Principle of Doppler Ratio Technique

O Lidar equation for resonance fluorescence (Na, K, or Fe)

A )

4Jrz2)

Pr (L) At
he/ A

Ns()\-,Z) =

)[oeﬁc (A, 2)n.(2)Rg(A) + O (7w, M) np (z)]Az

(T OTZ 0.2 (MG @) + N

Rg =1 for current Na Doppler lidar since return photons at all wavelengths
are received by the broadband receiver, so no fluorescence is filtered off.

J Pure Na signal and pure Rayleigh signal in Na region are

[ PL(M)As A 2 2
NNam,z)—( e )[oeﬁm,z)nc(z)]Az 4mz)(Ta (MT; ()»,z))(n(?»)G(z))
Nr(3.2) =(P LA )[ o7, A)nR<z>]Az( A )(T WD) n(AG()
hC/)\, Z

- Sowe have N (4,2)=N, (A,2)+Np(A,2)+N, 13



LIDAR REMOTE SENSING PROF. XINZHAO CHU CU-BOULDER, FALL 2012

_Principle of Doppler Ratio Technique

J Lidar equation at pure molecular scattering region (35-55km)

2 Az (NG () + Ny

<R

P; (A)At
he/ A

J Pure Rayleigh signal in molecular scattering region is

Ns()%ZR) =

)[aR(n,;\)nR(zR)]Az

No(hzp) = |2 ’}l(’mt )[aR gz A - |12 Az (110G (zp))
c/A <R
J So we have No(Azp) = Np(A,zp) + Ny

J The ratio between Rayleigh signals at z and z; is given by

Np(A.2) =[GR(n,x)nR(z)]Taz(A,z)Tcz(A,z)G(z) R _ ng(2) ZRZT 2(2.2)

Ng(A,zR) [GR(n,k)nR(ZR)]TaZ()»,zR)G(zR) 22 ngp(zg) 7°

Where n, is the (total) atmospheric number density, usually obtained from
atmospheric models like MSISOO. 14



LIDAR REMOTE SENSING PROF. XINZHAO CHU CU-BOULDER, FALL 2012

“Principle of Doppler Ratio Technique

J From above equations, the pure Na and Rayleigh signals are
NNa()\',Z) = NS()\‘aZ) _NB — NR()L,Z) NR()\'9ZR) = NS()\'9ZR) _NB

J Normalized Na photon count is defined as

Ny, (A,2) 7
Nr(Azp)T2(A2) zp°

NNorm ()\”Z) =

J From physics point of view, the normalized Na count is
Nyg(Az) —  Ogr(Ang(z) 1
Np(Azp)T2(Az) Or(mA)ng(zg) 4m

NNorm ()"’Z) =

J From actual photon counts, the normalized Na count is
Nya(A2) 2> _Ng(A2)-Np-Ng(hz) 2°
Np(Azp)TAA2) 2 Np(Azp)T2(h2)  zg°
_Ns(A)-Np 22 1 ng(2)
Ng(A,zg)=Np zp* TZ(Az) nr(2g) 15

NNorm()‘"Z) =
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“Principle of Doppler Ratio Technique

J From physics, the ratios of R; and R,, are then given by

Geﬁ(f+ ’Z)nc(Z) + Geﬁ(f— >Z)nc(z)
R = Nnorm (f+52) + N nopm (f2,2) _ op(w,fng(zg) Ogr(mw,f)ng(zg) _ Geﬁ(f+ ’Z)+Geﬂ(f— .2)
I NNorm(fa ,Z) Geﬁ(fa ,Z)I’lc(Z) O'eﬁv(fa ,Z)
OR(7,f )ng(zR)

O (f1,2)1(2) ) O (f-.2)n(2)
Ry = N norm (4 52) = NNorm (J-52) _ op(m,f)ng(zp) oOp(m,fo)ng(zg) _ Geﬁ”(f+ ,2) _Geﬁ‘(f— ,Z)
NNorm (fa:2) Geﬁ(fa )N (2) Oeﬁ‘(fa 2)
OR(7T,f)ng(zR)

Here, Rayleigh backscatter cross-section is regarded as the same for three
frequencies, since the frequency difference is so small. Na number density
is also the same for three frequency channels, and so is the atmosphere
number density at Rayleigh normalization altitude.

16
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" Principle of Doppler Ratio Technique

d From actual photon counts, the ratios R; and R, are

R~ = Nnorm (+52) + N pnorm (~52)
' N orm (fa-2)

Ns(fo.)-Np z° 1 mg@@ | [ Ns(f)-Ng 2> 1 ng(2)
Ns(fiszr)=Np zp* T2 (f,.2) "rR(zR) ) \Ns(fL.2p)=Np z5* T2(f..2) "r(ZR)
Ns(f;2)-Np 22 1 np(2)

Ng(fa:2r) - Np sz Tcz(fa,z) ng(zg)

R = N Norm (f4,2) = Nnorm (f-,2)
" Norm (fas2)

Ns(fo.2)-Ng 2 1 np@ | [ Ns(£2)-Ng 2 1 ng(2)
Ns(fiszr)=Np zp* T2 (fo.2) "rR(zR) ) \Ns(fL.2p)=Np z5* T2(f..2) "r(ZR)
Ng(f;2)-Np 2> 1 ng(2)

Ngs(fa-2r) - Np sz Tcz(fa,z) ng(zg)

17
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How Does Ratio Technique Work?

J From physics, we calculate the ratios of R; and R,, as

Oeff (f4.2)+ Oeff (f_,2) R Oeff (f+.2)— O eff (f_.,2)
Geﬁ (fa 2) v Geﬁ‘ (fa ,Z)

J From actual photon counts, we calculate the ratios as

R = NNorm (f4.2)+ Nnorm (f_,2)
! N Norm (fa ,2)

Ry =

Ns(fo)=Ng 2* 1 ng@@ | [ Ns(fL-Ng 2° 1 ng(2)
Ng(fyszr)=Np z° T2 (f,.2) "r(zR) | \Ns(fo.2r)=Np 7% T2(f..2) "r(ZR)
Ns(f;.2)-Np z° 1 ng(@)

Ns(fa-2r)=Np zp* T (f,2) "R(ZR)

R = NNorm (f+ ,2) = Nnorm (f-,2)
" NNorm (fa52)

Ns(fi,0)=Np 2> 1 ng@@ | [ Ns(£.2)-Ng 2= 1 ng(
Ns(fizr)=Np zp> T2(fr2) mR(GZR) | \Ns(fzp)=Np 25> T2(f.2) nr(2R)
Ns(fu:2)-Np 2> 1 ng(z)

Ng(fq-2r)—Np ZR2 Tcz(fa’z) np(zp) 18
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“ Does Ratio Technique Work?

J Compute Doppler calibration curves from physics
 Look up these two ratios on the calibration curves to infer the
corresponding Temperature and Wind from isoline/isogram.

137 vooms| 40 s Isoline / Isogram

1.2y / +100m/s
280K

1.1}
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o
©
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N + N

* ol - 180 K
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(

RT
o
N

0.6

0.5F jJJ
04 1 1 | | 1 | | | J

~0.6 —0.4 -0.2 0 0.2 0.4 0.6 0.8

R, =(N, = N)/N_ 19

120K
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Comparison of Calibration Curves

 Different metrics of R,, result in different wind sensitivities
A The ratio Ry,= N,/N_ has inhomogeneous sensitivity

1.3r
—-100m/s

+100m/s
280K

120K
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g g, ‘;

ompar'ison of Calibration Curves

d The ratio R\y= (N, - N_)/N, has much better uniformity than

the simplest ratio
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LIDAR REMOTE SENSING

g g, ‘;

Comparison of Calibration Curves
Rw= In(N_/N,)/In(N_xN./N_?) has good uniformity

J The ratio
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MSIS90 Temperature

More Resonance Fluorescence

Doppler Lidars

<—— Mesopause

Thermosphere |

Mesosphere |

Stratopause —>

<—— Tropopause

Stratosphere

Troposphere 7}

200 250

Temperature (K)

350

 Besides Na, there are more metal
species (K, Fe, Ca, Ca*, Mg, Li, ...)
from meteor ablation. They can be
used as tracers for Doppler lidar
measurements in MLT region.
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MeTal Species in MLT Region

Species Central Ak Degeneracy Atomic  Isotopes Doppler Abundance Centroid Layer rms
wavelength  (x10%s™") g/ g; Weight rms Width (xlO 2 (x10°cm™)  Altitude Width
(nm) (MHz) cm”) (km) (km)
Na (D;) 589.1583 0.616 4/ 2 22.98977 23 456.54 14.87 4.0 91.5 4.6
Fe 372.0995 0.163 11/9 55.845 54,56, 463.79 0.944 10.2 88.3 4.5
57, 58
K(D;) 770.1088 0.382 2/2 39.0983 39,40, 267.90 13.42 4.5x% 107 91.0 4.7
41
K(D,) 766.702 0.387 4/ 2 39.0983 39,40, 267.90 26.92 4.5x 107 91.0 4.7
41
Ca 422.793 2.18 3/1 40.078 40,42,  481.96 38.48 3.4x 107 90.5 3.5
43, 44,
46, 48
Ca’ 393.777 1.47 4/ 2 40.078 Same as 517.87 13.94 7.2x 107 95.0 3.6
Ca

d In principle, all these species can be used as trace atoms for
resonance fluorescence Doppler lidar measurements.

J Whether a Doppler lidar can be developed and used mainly
depends on the availability and readiness of laser and electro-optic
technologies. In addition, the constituent abundance and absorption

cross-section are naturally determined.
25
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K Atomic
Energy
Levels
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K fine structure

K hyperfine structure

Transition K(Dy) K(Dy)
Wavelength air [nm] 769.8974 766.4911
Wavelength vacuum [nm] 770.1093 766.7021
Rel. intensity 24 25

A [108s71] 0.382 (£10%) 0.387 (£10%)
f-value 0.340 0.682
Terms 2S+1LJ 281/2 —2 P(1)/2 281/2 2 P(3)/2
gi— 8k 2-2 2-4

26
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K Atomic Parameters

[sotope Atomic mass Abundance Nuclear spin  K(D1) line shift
39 38.963 706 9(3) 0.932 581(44) [=3/2 0

40 39.963 998 67(29) 0.000 117(1) [=4 125.58 MHz

41 40.961 82597(28) 0.067 302(44) [=3/2 235.28 MHz

Table 5.8 Quantum Numbers, Frequency Offsets, and Relative
Line Strength for K (D;) Hyperfine Structure Lines

“S1/9 ‘P o K (MHz) 41K (MHz) Relative Line Strength

F=1 F=2 310 405 5/16
F=1 254 375 1/16
F=2 F=2 —152 151 5/16
F=1 —208 121 5/16

27
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K Doppler Lidar Principle & Metrics
1.4r
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1.3 20— 1 111320
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J Ratio technique versus scanning technique

d Scanning technique actually has its advantages on
several aspects, depending on the laser system used -
whether there is pedestal, background problems, eftc.

J Ratio technique usually gives higher resolution.

28
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Fe Doppler Lidar Principles

2°F° °F 27166.819 cm™ S
3d%4s4p SRS L 26874.549 cm™! o512 ' ' '
z°D° °D; +— 26140 cm™ CT: Lr —— 200 K 1
3d%4s4p Dy x 25900 cm’™ ‘é - 250K |
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S 0.2}
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Effective Cross Section Computation

J The effective cross section is a convolution of the atomic
absorption cross section and the laser line shape.

1+

For Gaussian shapes of
atomic absorption and
laser lineshape:

0.8
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2 2
Oe =\/0D +0L

J\

o . . . ,
—2000 -1500 —-1000 -—500 o 500 1000 1500 2000
Frequency Offset (MHZz)

 How would you calculate the effective cross section when
atoms have isotopes, e.g., K (potassium) or Fe (iron)?

N
O, (overall) = E[Geﬁ‘,m (isotope) x Isotope Abdnm]

m=1
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Summary (1)

[ Resonance fluorescence Doppler lidars apply Doppler technique to
infer temperature and wind from the Doppler-broadened and Doppler-
shiffed atomic absorption spectroscopy. The Doppler-limited atomic
absorption spectroscopy is inferred from the refturned fluorescence
intensity ratios at different frequencies.

[ Both scanning and ratio techniques can work for the Doppler lidar.
With scanning technique, the laser will be operated at many different
frequencies, and then a least-square fit derives the width of the atomic
absorption line, thus deriving the temperature. Its advantage is to
provide more than 3 frequency information, so providing checks on more
system parameters. But it requires longer integration time.

J Doppler ratio technique takes advantage of the high temporal
resolution feature by limiting the lidar detection to 3 preset frequencies
(usually one peak and two wing frequencies) for 3 unknown parameters
(T, W, and density).

J By taking the ratios among signals at these three frequencies, R; and

R,y are sensitive functions of temperature and radial wind, respectively. .
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Summary (2)

J We compute the ratios R; and R,, from atomic physics first to form
the lidar calibration curves, and then look up the two ratios calculated
from actual photon counts on the calibration curves to infer the
corresponding temperature T and radial wind W.

[ Different metrics exhibit different inhomogeneity, resulting in different
crosstalk between T and W errors.

[ There are several different atomic species (Na, K, Fe, Ca, Ca*, etc.)
originating from meteor ablation in the mesosphere and lower
thermosphere (MLT) region. They all have the potentials to be tracers
for resonance fluorescence Doppler lidars to measure the temperature
and wind in the MLT region.

J Na and K Doppler lidars are currently near mature status and making
great contributions fo MLT science.

J Fe Doppler lidar has very high future potential due to the high Fe
abundance, advanced alexandrite laser technology, Doppler-free Fe

spectroscopy, and bias-free measurements, etc.
32



